We consider Dark Matter composed of an oscillating singlet scalar field. On top of the mass term, the scalar is equipped with a potential spontaneously breaking Z 2 -symmetry. This potential dominates at early times and leads to the time-dependent expectation value of the scalar, which decreases in the expanding Universe. As it drops below some critical value, the symmetry gets restored, and the Dark Matter field starts to oscillate around zero. We arrange the spontaneous symmetry breaking through the interaction of the scalar with the Ricci curvature. In that way, superheavy Dark Matter can be produced at very early times. Depending on its mass, the production takes place at inflation (very large masses up to the Grand Unification scale), at preheating, or at radiation-dominated stage (masses 10 6 − 10 7 GeV).
Introduction
Dark Matter (DM) is manifested only through its gravitational interactions. Therefore, it is natural to assume that DM was produced via a mechanism involving gravity only. We introduce a singlet scalar field χ to play the role of DM. The DM field χ is initially in the spontaneously broken phase. We organize symmetry breaking through the interaction of the DM field χ with a slowly changing function F (x µ ), which is approximately homogeneous in the early Universe, F (x µ ) ≈ F (t),
Besides this symmetry breaking potential V sb , the field χ has a standard mass term. As the function F (t) decreases, the mass term becomes more and more relevant. At some point, the symmetry gets restored and the DM field χ starts oscillating around zero. Therefore, this scenario is a type of the misalignment mechanism, where the DM field is originally offset due to the non-trivial function F (t). This DM is stable because of the imposed Z 2 -symmetry.
As only gravitational interactions of DM are known so far, it is natural to expect that the function F (t) is of gravitational origin.
In the present paper we discuss the case with F ∝ R, where R is the Ricci curvature. In this model we show that DM with the right abundance can be produced, provided that the field χ is superheavy. In particular, DM with the masses up to 10 16 GeV, i.e., of the order of the Grand Unification scale, can be produced at inflation. The proposed mechanism of superheavy DM generation differs from previously known ones at least in two aspects. First, generation takes place (16 − 20 e-folds) before the end of inflation. This is to be compared with DM generation through the minimal coupling to gravity [1, 2, 3, 4] , which occurs at the transition to post-inflationary stage, or DM production at (p)reheating [1, 5, 6, 7] . Second, for the mechanism discussed in this paper, DM production is independent of particularities during post-inflationary evolution, such as the reheating temperature of the Universe, efficiency of parametric resonance, rate of inflaton change at the end of inflation (cf., Ref. [8] ) etc. Note that applicability of our mechanism is not limited to inflation, but it can also operate at preheating or radiation-dominated stage. In the latter case, DM masses are in the range 10 6 − 10 7 GeV, which is of interest from the viewpoint of high-energy IceCube neutrino observations [9] .
The outline of the paper is as follows. In Section 2, we discuss generic features of the class of models of interest, considering arbitrary function F (t). In Section 3, we specify the function F (t) assuming that it is proportional to the Ricci scalar R. There we outline a region in the model parameter space leading to the right abundance of DM comprised of the field χ. We show that the mechanism works for superheavy DM with masses 10 6 GeV M 10
16 GeV, and production takes place at very early times. We end up with phenomenological prospects of the model in Section 4.
Generalities
We start with the following generic Lagrangian, which describes dynamics of the DM field χ:
Here F (x µ ) is a positive definite slowly decreasing function, at least at early times. As we are interested primarily in the background evolution of the field χ, one can treat F (x µ ) as a function of time only, F (x µ ) = F (t). Hereafter, we assume that the function F (t) varies only due to the cosmic expansion,
where H is the Hubble rate, and κ is a dimensionless constant, κ 1. We assume that the field χ has no direct interactions with components of the Standard Model of particle physics. Given also Z 2 -symmetry of the Lagrangian (1), this guarantees the DM stability. At early times t, when λF (t) > M 2 , Z 2 -symmetry is spontaneously broken. Without loss of generality we choose the minimum as
For the field χ to track the minimum, one requires that the latter varies slowly. To quantify this statement, consider the effective mass squared of the field at the minimum χ = χ min in the spontaneously broken phase:
Let the field start evolution at the values not far from the minimum χ min . This initial relaxation to χ min happens automatically during inflation, as we will see in what follows. Then, if the effective mass M ef f changes slowly with time,
the field χ resides in the minimum, χ ≈ χ min . As it follows from the condition (5), at the first stage of evolution, when M 2 ef f ≈ 2λF (t), the effective mass M ef f should be much larger than the Hubble rate (see Fig. 1 
The latter condition is also necessary for the following reason. It guarantees that DM isocurvature perturbations are suppressed during inflation, in agreement with CMB observations [10] . Namely, for a large effective mass (relative to the Hubble rate) of the field χ, isocurvature perturbations decay fast in the inflationary Universe.
The l.h.s. of the inequality (5) eventually becomes singular when the symmetry breaking minimum (3) ceases to exist. Therefore, at some moment of time t = t * the condition (5) is violated
From Eqs. (4) and (7) it follows that
provided that the bare mass is much larger than the Hubble parameter at t = t * ,
We will assume the condition (9) from now on. For times greater than t * the symmetry is restored, and the new minimum is located at χ = 0. As the scalar field is offset from the new minimum at t = t * , it oscillates around χ = 0 at later times. The amplitude of the oscillations reads
, where a(t) is the scale factor; the subscript * refers to the moment of time t * . Let us estimate the amplitude χ * at the onset of oscillations. From Eqs. (4) and (7) we obtain
In particular, this means that the inequality (6) holds down to the moment t * , when oscillations start. The combination of Eqs. (3), (8) , and (10) yields for the amplitude χ * at the onset of oscillations
In fact, the same estimate up to factor two can be obtained from the comparison of the kinetic and potential terms of the field χ. Indeed, the field χ starts to oscillate at the time t * , whenχ 2 * ∼ λχ 4 * . Then, using Eq. (3) one arrives at the estimate (11). Below we illustrate the behavior of the DM field χ assuming the function F (t) of the form
where β is a dimensionless constant. As for the Hubble rate H(t), we choose the following toy example: are shown for the model described by Eqs. (1), (12) , and (13). Initially, M ef f is large and slowly decreases, as the Universe is expanding. In this regime the adiabaticity condition (5) is valid. As M ef f drops below the bare mass M , the adiabaticity condition is violated. From this time on, the field χ oscillates and it has the constant mass, M ef f → M . The effective mass M ef f always remains larger than the Hubble parameter. The choice of parameters λ = 1/4 and β = 1000 is assumed.
where σ is a dimensionful constant. At the times t −σ −1 (note that t can be both negative and positive), the Hubble rate is nearly constant and it models the quasi-de Sitter expansion of the Universe, i.e., inflation. At t σ −1 , the Hubble rate H 1 2t
describes the subseqeunt stage of radiation domination. In Figs. 1 and 2, we show evolution of the effective mass M ef f and the field χ in the toy model described by Eqs. (1), (12), and (13). In Fig. 2 , one can see that the field χ indeed tracks the minimum χ min (t) until the moment t * , when the adiabaticity condition gets violated. Then, χ starts to oscillate. In Fig. 3 , we plot numerical results for dependence of the field χ at the onset of oscillations on the parameters λ and β. The analytic estimate from Eqs. (8), (11) , and (12) gives χ * ∼ λ −2/3 · β −1/6 . This is indeed the behavior, which we observe in Fig. 3 . Note that the effective mass of the scalar field always remains much larger than the Hubble parameter.
Consequently, the energy density of DM comprised of the field χ is estimated as
Figure 2: Evolution of the DM field χ (orange) and the minimum χ min (blue) are shown for the model described by Eqs. (1), (12), and (13). At early times, the field χ resides in the minimum, χ = χ min , which monotoneously decreases with time following the Hubble drag. At t ∼ t * the field χ gets offset from its minimum, and the oscillating DM condensate is created. The choice of parameters λ = 1/4 and β = 1000 is assumed.
where we used Eq. (11) in the last equality. We assume that the field χ constitutes all DM in the Universe. Hence, the abundance constraint at the matter-radiation equality must be satisfied:
where g * (T ) is the effective number of ultra-relativistic degrees of freedom at the temperature T , and subscripts eq and rad stand for matter-radiation equality and radiation, respectively. Using Eqs. (14) and (15) one can find the relation between the mass M and the temperature T * of the Universe at the moment t * (we assume the symmetry restoration at the radiation dominated stage):
where the reduced Planck mass is given by M P l = 2.43 · 10 18 GeV. To eliminate the Hubble rate H * from Eq. (16) we used Friedmann equation at the time t * assuming that DM component is subdominant, (1), (12), and (13) . Dependence on the parameter λ is shown for β = 1000 on the left panel; while the right panel shows dependence on the parameter β for λ = 1/4. For both panels, the behavior of χ * matches the analytic expression (11) for relatively large λ and β, when the adiabaticity condition is fulfilled at early times.
Finally, to obtain Eq. (16) we also substituted the relation
This expression follows from the entropy density conservation in the comoving volume:
, where h * (T ) is the effective number of ultra-relativistic degrees of freedom. Note that h * (T ) and g * (T ) are slightly different only at the temperatures below the neutrinos decoupling, T 1 MeV. In particular, we have
while at high temperatures,
so that h * (T * ) = g * (T * ); here T SM is the temperature of the electroweak phase transition. We assume no ultra-relativistic degrees of freedom on top of the Standard Model for times after the creation of DM, t ≥ t * .
Let us briefly mention constraints on the parameter space of the model of interest. The lower bound on the mass M for given λ follows from the limit on DM self-interaction [11, 12] :
MeV. There are reasons to expect that this bound can be further improved. From Eq. (16), where we use Eq. (18) and T eq ≈ 0.8 eV, one finds that the mass M λ 2/3 · 30 MeV corresponds to the temperature T * λ 11/15 keV. Such a low temperature may be in conflict with a well established picture of bottom-up structure formation in the Universe. The reason is that short wavelength perturbations responsible for the formation of relatively small structures in the Universe, do not have enough time to experience logarithmic growth during radiation domination. Keeping this in mind, we note that the simplest choice of the function F considered in the next Section leads to large masses M and temperatures T * , so that there is no conflict with observational data.
An important qualification is in order here. When deriving Eq. (16) we have assumed that DM is produced during radiation domination. This may not be the case for relatively low reheating temperatures and/or large masses M . DM may be created at even earlier stages, i.e., at preheating or inflation. In that case, Eq. (16) is not applicable. We will study these scenarios and find the relevant expression in what follows.
So far we have focused on classical production of DM. However, there is also quantummechanical creation of DM particles around the time t = t * , when adiabaticity condition is violated. Nevertheless, it can be shown that they give a sub-dominant contribution to the total energy of DM. Indeed, the concentration of particles with conformal momenta in the range (k, k +dk) produced quantum-mechanically is expressed via the Bogolyubov coefficient β k :
In the regime
where
ef f is the frequency of the mode with conformal momentum k, the Bogolyubov coefficient is given by [13] 
Here η is the conformal time, dη ≡ dt/a, and η i corresponds to some point in the remote past with no DM particles; the prime denotes the derivative with respect to the conformal time.
For modes with k/a M ef f , the condition (20) is always satisfied, because ω k aM ef f in that case:
Therefore, for k a · M ef f , the expression (21) is valid. Furthermore, for these large momenta the pre-exponential factor in Eq. (21) changes slowly on the time scale ω −1 k . Hence, the Bogolyubov coefficient is exponentially suppressed.
Therefore, the largest momentum to be taken into account, when evaluating concentration of produced DM particles, is bounded as k max /a(t * ) ∼ M ef f (t * ). For smaller momenta k there may not be an exponential suppression. We can assume, however, that the Bogolyubov coefficient does not exceed unity by far for these momenta, i.e., |β k | 1. This assumption is supported by the comparison with particle creation in the regime of broad parametric resonance after inflation, where indeed |β k | 1. A scalar field, which plays the role of our field χ is produced non-perturbatively due to the interaction with an oscillating inflaton condensate. This interaction leads to oscillations of the effective mass of the scalar similar to those shown in Fig. 1 . We conclude that the energy density of DM particles is bounded as
Note the suppressing factor 2λκ
. Hence, the energy density of quantum-mechanically produced particles gives a sub-dominant contribution to the total DM energy density.
Non-minimal coupling to gravity
In this Section we specify a concrete form of the function F (x µ ) resulting in the symmetry breaking at early times. Perhaps, the simplest possibility is to choose F to be proportional to the Ricci scalar R,
where ξ is some dimensionless coupling and λ in the denominator is for the future convenience. The cosmological value of the Ricci scalar can be expressed through the energy density of the dominant matter in the Universe ρ and its equation of state w, using the trace of the Einstein equations,
This relation can be rewritten in terms of the Hubble rate H,
where we used the Friedman equation ρ = 3H 2 M 2 P l . For the choice (22) of the function F (t), the parameter κ defined from Eq. (2) is given by
Note that the choice (22) implies the presence of R 2 term in the action (1). As a consequence a new degree of freedom, scalaron, appears. The decay of the latter is capable of producing DM with the right abundance [14, 15, 16] . However, in the present work we focus on a different mechanism of DM production resulting from the coupling to the Ricci scalar, therefore we would like to avoid the extra degree of freedom. To fulfill this goal, we slightly modify the model by eliminating the quadratic term in F (x µ ) from the action (1) . With the use of Eq. (22), the modified action reads
Note that the analysis of Section 2 is applicable to the action (25) , since the form of the scalar field equation did not change. Namely, the field χ gets offset from its late minimum at χ = 0 due to the interaction with the Ricci scalar. As the Ricci scalar drops considerably, i.e., the following equality is obeyed:
the field χ starts to oscillate, and since then it acts as the standard DM. Depending on the moment of time, when this equality is reached, DM can be produced at the radiationdominated stage, preheating or inflation. We assume that the parameter ξ is large, ξ 1, so that the condition (6) is fulfilled. The upper bound on the parameter ξ is inferred from the assumption that the field χ remains sub-dominant during inflation. Clearly, the upper bound on ξ depends on the choice of inflationary scenario. As an illustrative example let us assume Starobinsky inflation [17] . The term ξχ 2 R/2 of our model should be small relative to the term M 2 P l R 2 /6µ 2 of Starobinsky inflation, where µ 1.3 · 10 −5 M P l . Substituting the expectation value
Hence, in the weak coupling regime, λ 1, the parameter ξ is limited to be less than 3 · 10 4 . A similar estimate (27) is obtained in models of inflation driven by a scalar field, by requiring that the last term in Eq. (25) is subdominant with respect to the Einstein-Hilbert term. In particular for H inf l ∼ 10
13 GeV, we find that Eq. (27) must be satisfied. Before we continue, it is worth to comment on studies in the literature involving the action of the form (25) . First, the non-minimal coupling to the Ricci scalar is common in inflation, with Higgs inflation [18] being the most notable example. In the context of DM, non-minimal coupling of DM field to the Ricci scalar has been discussed in Refs. [19, 20] . These references also deal with a version of misalignment mechanism for DM. However, the misalignment there is due to the slow roll of light DM field during inflation, rather than due to the interaction with the Ricci scalar. Finally, we note that the action of the exact form (25) has been considered in Ref. [21] , where the field analogous to χ is used to reheat the Universe.
Dark Matter production during inflation
If the masses M are very large, up to the Grand Unification scale, DM still can be produced abundantly in our model. Below we entertain this possibility. Following the reasoning of Section 2, and using (11) and (24), we find the amplitude of the field χ at the onset of oscillations,
where * = −Ḣ * /H 2 * is the slow roll parameter at the time t * . The Hubble rate H * at the onset of oscillations is related to the mass parameter by Eq. (8):
The presence of ξ 1 guarantees that the mass M is much larger than the Hubble rate H * , so that the condition (9) is fulfilled. For λ 1 and H * 10
13 GeV, the upper bound (27) translates into the limit:
Notably, DM with such a huge mass can be produced independently of the reheating temperature in the post-inflationary Universe, details of transition from inflationary to postinflationary stage, particularities of preheating etc. Furthermore, because of the large initial amplitude of DM oscillations, the initial energy density of the oscillating DM condensate is high. That is, were DM produced at the end of inflation, it would quickly overclose the Universe. However, once it is produced during inflation, there is a time for it to get considerably diluted. We again assume that the field χ(t) constitutes all DM in the Universe. Hence, the abundance constraint must be obeyed:
It is convenient to split the ratio of scale factors as follows:
.
Subscripts e and reh stand for the end of inflation and reheating, respectively. The ratio a reh /a eq follows from Eq. (17), where one should replace the subscript * by reh . We estimate the ratio a e /a reh assuming evolution during preheating alike matter domination:
Combining these factors together along with the abundance constraint above, we obtain for the ratio a * /a e :
To estimate this expression, we choose the parameters as follows: λ 1, ξ 3 · 10 4 , H e 1/3 * H * , and 12ξH 2 * M 2 P l . Then, for reheating temperatures in the range T reh 10 9 −10 15 GeV, we obtain that the field χ should enter the conventional oscillating regime very early, at the times (in terms of inflationary e-folds):
To the best of our knowledge, this is the first model, which predicts DM creation at such early times.
Note that instead of non-minimal coupling of DM field to the the Ricci scalar, we can consider an interaction with the inflaton field ϕ:
For g 10 −3 , which is necessary to avoid generation of large loop corrections to the inflaton potential, one obtains a similar upper bound (28) on the mass of DM produced during inflation. Note that the model (29) has been considered in Ref. [5] , which, however, focused on production of χ-particles during (p)reheating. In that case, abundance of created χ-particles largely exceeds that of DM. We do not consider this option in the present work.
Dark Matter production during preheating
Lighter DM, with the masses below the inflationary Hubble rate, can be produced efficiently during (p)reheating and at the radiation-dominated stage. In this Subsection we investigate the former option and we postpone a discussion of the latter to the next Subsection. We assume that during preheating the equation of state is dust-like, w = 0. Then, the Ricci scalar is given by
Here we used the average values for the Hubble parameter, i.e., H = 2/3t, and its derivative.
In fact, at least at the beginning of preheating, both the Hubble parameter and the Ricci scalar undergo oscillations around its mean value, reflecting oscillations of an inflaton. We discuss effects of these oscillations at the end of this Subsection. With this important qualification, our generic results of Section 2 are applicable. The oscillating DM condensate is produced at the time t * defined from M Hence, if the reheating temperature is in this range, DM with the mass (32) can be produced with the right abundance during preheating. From Eq. (32), we find the corresponding range for the DM masses:
As it has been mentioned above, during preheating the Ricci scalar generically oscillates around its mean value reflecting inflaton oscillations at preheating. These oscillations lead to production of DM particles [22, 23] . It turns out that in the parameter space of interest, the mechanism of Refs. [22, 23] is more efficient than ours. Hence, we face a problem of overproduction of DM, at least in common inflationary scenarios. One possible way out is to assume that the Ricci scalar is stabilized at negative values due to a very fast (almost instant) production of non-relativistic matter immediately as inflation terminates. This option is very restrictive, however. It is more natural to assume that DM interacts with a fermion singlet S (e.g., sterile neutrino), which subsequently decays into Standard Model species:
where g is a dimensionless coupling constant. Note that during preheating the effective DM mass is estimated by M ef f √ ξH preh , where H preh is the Hubble rate during preheating. Hence, if the mass M S of the fermion S is in the range M M S √ ξH preh , there is a decay channel of DM into a couple of fermions S. On the other hand, at relatively late times, well after the Ricci scalar stabilizes but before the time t * , the decay of χ into fermions stops, and the field χ becomes stable. Note that for this scenario to be realized the coupling constant g and/or ξ should be relatively large. Indeed, for the early-time DM decay to be efficient, one should have
Otherwise, DM will be diluted only due to the cosmic drag. The above inequality gives a stringent constraint on the model parameter space:
To put it another way, the decay of χ → S is efficient for large ξ 10 3 and not very small coupling constants g.
Dark Matter production during radiation domination
Finally, in this Section we consider DM production during radiation-domination, when w = 1/3. In this case the classical value of the Ricci scalar is zero, see Eq. (23). However, due to the conformal anomaly, R does not vanish exactly, and in fact 1 − 3w can reach values of the order 0.01 − 0.1 at very high temperatures [24] . We observe below that the DM field χ indeed starts oscillating, when the Universe is very hot.
For the case at hand, the condition (5) translates into
i.e., we should assume relatively large ξ. The condition (33) also leads to suppression of isocurvature perturbations during inflation, see Eq. (6). Using Eqs. (16) with κ = 4 (see Eq. (24)) and (26) we find the temperature T * and the mass M as the functions of model parameters, λ and ξ. The temperature T * is given by
Substituting g * and h * from Eqs. (18) and (19) , and using T eq 0.8 eV, we obtain
Note that the temperature T * is only moderately sensitive to the parameters ξ, 1 − 3w and depends very mildly on the coupling constant λ. Given the adiabaticity condition (33), we obtain the upper bound on the temperature T * :
For not extremely small λ we obtain that T * 10 12 GeV. These temperatures are predicted in some well motivated inflationary models, e.g., in Higgs inflation [18, 25] .
The mass of DM is constrained to be
Using Eqs. (18) and (19) , and substituting T eq 0.8 eV, we obtain
Once again, we observe a very soft dependence on the model parameters. Using the constraint (33), we obtain the upper bound on the DM mass M produced by our mechanism during radiation-domination:
We see that for not very small coupling constant λ, the DM mass is in the range M 10 6 − 10 7 GeV.
Discussions
In the present work, we suggested a version of misalignment mechanism of scalar DM production. The offset of the DM scalar field χ from zero occurs due to its non-minimal interaction with gravity, i.e., the Ricci scalar. In our model, for high curvatures (early times), the symmetry is spontaneously broken and the scalar field follows the minimum of the spontaneously broken phase. As curvature drops, the symmetry restores and the DM field χ starts oscillating coherently around zero. The simplest realization of gravitational misalignment mechanism assumes the interaction ∝ χ 2 R. In this scenario, superheavy DM is produced with the mass in the range 10 6 GeV M 10 16 GeV. The upper bound corresponds to DM production during inflation, while the lower bound stands for DM generated at radiation domination. It is important that the upper bound is independent of the reheating temperature in the early Universe, details of preheating or transition from the inflationary stage to preheating. This is a conceptual difference of our mechanism from other mechanisms of superheavy DM generation.
One disadvantage of the considered scenario is a lack of signatures in observational/experimental data. The reason is Z 2 -symmetry, which forbids DM decay in our picture. To equip the model with some non-trivial phenomenology, one can assume a slight breaking of Z 2 -symmetry. This can be done without spoiling the main idea-DM interacting directly only with gravity. For this purpose, one can introduce the following interaction of the scalar with the curvature:
where µ is some parameter of the mass dimension. This interaction leads to the decay of DM with potentially interesting phenomenology. The resulting decay rate into Standard Model particles is suppresed as Γ ∝ 1/M 4 P l . However, for large M discussed in the present work and/or not extremely small µ, the resulting lifetime of DM can be comparable with the observational lower bound τ Γ −1
10
28 s at 90% CL [9] .
